Objective. Antigen-presenting cells (APC) play critical roles in establishing and maintaining peripheral tolerance. This is accomplished in part via expression of negative co-stimulatory molecules such as programmed death ligand-1 (PD-L1) on tolerogenic APC, such as immature myeloid dendritic cells (mDC). Several studies have strongly linked dysfunction of APC, including mDC, to the pathogenesis of SLE. The objective of this study was to determine whether APC expressed PD-L1 protein at normal levels during active lupus. Methods. Peripheral blood mononuclear cells (PBMC) were isolated from 19 paediatric patients with SLE and from 17 healthy age-matched controls. PBMC from both cohorts were cultured in the absence of exogenously added stimuli, and leucocyte PD-L1 expression was measured by flow cytometry. Results. Immature mDC and monocytes (Mo) from healthy children expressed little PD-L1 at initial isolation, but spontaneously up-regulated PD-L1 by 24 h. In contrast, both mDC and Mo from patients with active SLE failed to up-regulate PD-L1 over a 5 day time course, expressing this protein only during disease remissions. Conclusions. These data are the first to link active lupus with reversibly decreased PD-L1 expression on professional APC, suggesting a novel mechanism for loss of peripheral tolerance in SLE.
Introduction
Programmed death ligand-1 (PD-L1; also known as B7-H1/ CD274), is a B7 family glycoprotein inducibly expressed on many haematopoetic and parenchymal cells in response to inflammatory stimuli. This molecule regulates immune tolerance by binding to the programmed death-1 (PD-1) receptor on lymphocytes, causing suppression of T-effector function [1] [2] [3] , and permissiveness of regulatory T-cell function [4] . Recent data suggest that PD-L1 may also suppress T-cell activation by signalling through the B7-1 receptor [5] . Although mRNA for PD-L1 can be found in many healthy human tissues, baseline protein expression appears to be limited to cells of monocytic origin [6, 7] . Both myeloid dendritic cells (mDC) and monocytes (Mo) express PD-L1 protein, and anti-PD-L1 antibody increases the stimulatory capacity of mature and immature DCs for T-effector cells [8, 9] , suggesting that PD-L1 may play an important role in the ability of DCs to tolerize T lymphocytes in the periphery. In support of this idea, endogenous or transgene-driven expression of PD-L1 on antigenpresenting DCs leads to diminished T-cell reactivity in vitro and in vivo, as demonstrated in murine models of autoimmunity [10, 11] . The importance of PD-L1 in self-tolerance has also been demonstrated in experimental animals in which blockade or absence of the PD-L1:PD-1 pathway results in various forms of autoimmune disease, including a spontaneous lupus-like glomerulonephritis in C57BL/6 mice [12] [13] [14] [15] [16] . However, little is known regarding the role of PD-L1 in human autoimmune disease.
The receptor for PD-L1 is shared by a second ligand, PD-L2, (B7-DC/CD273), which can also inhibit T-cell activation [17] , but is less widely expressed and appears to play some non-redundant roles in self-tolerance [15, [18] [19] [20] . DNA polymorphisms in the gene for the shared PD-1 receptor have been linked to SLE susceptibility in some populations of adults [21] [22] [23] [24] and children [25] ; however, T-cell expression of PD-1 protein was not found to differ significantly between SLE patients and controls [26] .
In contrast to the PD-1 gene studies, genetic polymorphisms in PD-L1 did not appear to be linked to SLE [27] . However, protein expression of PD-L1 has not been previously studied in lupus APC. We found that both immature mDC and Mo from children with SLE failed to up-regulate PD-L1 normally, and that this deficiency was associated with increased disease activity, suggesting an important role for this negative co-stimulator in the pathogenesis of SLE.
Materials and methods

Patient samples and peripheral blood mononuclear cell isolation
Paediatric donors with and without SLE were recruited under a research protocol approved by the institutional review board of Children's Hospital and Regional Medical Center in Seattle, WA, USA. Peripheral venous blood was collected into heparin-or citrate-containing tubes (Vacutainer, Becton Dickinson, NJ, USA) after written informed consent was obtained from the child and/or parent/guardian. Blood samples were centrifuged and plasma aliquots stored at À808C. Data on plasma IFN-levels were kindly provided by Dr Veronika Groh (Fred Hutchinson Cancer Research Center, Seattle, WA, USA), as measured by ELISA (R&D Systems, MN, USA). Peripheral blood mononuclear cells (PBMC) were isolated by density centrifugation over a Ficoll-Paque gradient (Amersham, Uppsala, Sweden), frozen in heat-inactivated A/B human serum (Valley Biomedical, Winchester, MA, USA) with 7% DMSO (Sigma, St. Louis, MO, USA), and stored in liquid nitrogen until use. In preliminary experiments, PBMC samples from four unique donors were split into frozen and fresh aliquots, and evaluated by flow cytometry to confirm a lack of effect of freeze-thaw on expression levels of PD-L1 (P ! 0.7).
ACR classification criteria for SLE [28] . As this was a retrospective study, the European Consensus Lupus Activity Measurement (ECLAM) was calculated [29] for all patient samples where information was available (n ¼ 24); ECLAM scores ranged from 0 to 6.5, with a mean AE S.D. of 2.5 AE 2.0. As no patient had documentation of seizures, psychosis, cerebrovascular accident, cranial nerve disorder, visual disturbance, myositis, pleurisy, pericarditis, intestinal vasculitis or peritonitis at the time of blood draw, we used a modified scoring system to group patients with respect to disease activity, consisting of these remaining categories: mucocutaneous disease (rash, alopecia, mucosal ulcers and finger nodules), arthritis, haematuria, thrombocytopenia and hypocomplementaemia. In addition, we used lymphopenia, rather than leucopenia, as a sensitive measure of active paediatric SLE [30] . Several samples were chosen at random and also assayed for PBMC apoptosis and/or plasma levels of IFN-, as these markers are strongly linked to SLE disease activity [31] [32] [33] . PBMC apoptosis was considered to be abnormally high if outside the bounds of the 99.95% CI of control cells (PBMC from seven healthy children tested, data not shown) and plasma IFN-levels were considered to be abnormal if !5 times the upper limit of normal (six healthy children tested, data not shown). As the clinical assessments were gleaned from chart notes written by a panel of different physicians, the objective laboratory data were weighted more heavily in the final determination, with each abnormal laboratory value assigned 2 points, and each abnormal clinical finding assigned 1 point. A total disease activity score of !4 points was felt to represent active disease, and called 'flare', while a score of <4 was felt to represent inactive disease, and called 'remission'. This modified scoring system has the limitation that it has not been formally validated; however, there are no validated disease activity scoring systems for paediatric SLE. Moreover, when this modified scale was used to categorize patients into flare and remission groups, the mean ECLAM scores and anti-dsDNA antibody levels were found to be significantly different between the two groups (Table 1) , suggesting the potential utility of this approach.
Cell culture, antibodies and flow cytometry PBMC were thawed, washed and diluted to 1-2 Â 10 6 cells/ml in culture medium consisting of RPMI 1640 supplemented with L-glutamine (CellGro, Herndon, VA, USA), 10% heat-inactivated A/B human serum, 1% penicillin/streptomycin (CellGro) and 0.1% -mercaptoethanol. Cells were plated in round-bottom 96-well plates (Corning Costar, Corning, NY, USA) and incubated at 378C in a humidified cell chamber with 5% CO 2 . At the time points indicated, PBMC were surface-stained using various fluorochrome-or biotin-conjugated mAbs, including: anti-CD1c, (Miltenyi, Auburn, CA, USA), anti-CD3, anti-PD-L1 (eBioscience, San Diego, CA, USA), anti-CD11b, anti-CD11c, anti-CD14, anti-CD-86, anti-PD-L2 (Pharmingen/BD Biosciences), anti-CD45RO, anti-CD80, anti-CD83 and/or anti-HLA-DR (BioLegend, San Diego, CA, USA), with isotypematched, fluorochrome-/biotin-labelled irrelevant mAbs as controls. All samples were blocked using 0.5% human serum and anti-FcR antibody (Miltenyi) during staining. After staining, PBMC were fixed using 2% paraformaldehyde in PBS after preliminary experiments indicated no effect of cell fixation on expression levels of PD-L1 or other surface markers (data not shown). Some cultures were stained in parallel with Annexin V and propidium iodide (PI) as per the manufacturer's instructions (both from Becton Dickinson) and apoptosis assessed by enumerating the percent of Annexin V-positive PBMC per culture. Flow cytometry was performed using an LSR II cytometer (Becton Dickinson), and the data were analysed using Flow Jo software (Tree Star, Inc., Ashland, OR, USA). 
Statistical analyses
Populations were compared using a two-tailed t-test and significance assigned where P < 0.05. Due to the fact that some patients had more than one blood draw and were therefore overrepresented in the data set, statistical analyses were repeated using multivariate logistic generalized estimating equations (GEEs), to account for multiple observations in some individuals.
Results of GEE analyses confirmed P < 0.05 between populations as identified by t-test.
Results
Patient population
A total of 26 PBMC samples were collected from 19 unique SLE patients ranging in age from 6 to 21 yrs (mean AE S.D. ¼ 14.3 AE 3.7). Clinical and laboratory data for these blood draws are summarized in Table 1 
Identification and characterization of PD-L1
þ cells in primary human PBMC To test the hypothesis that PD-L1 expression is abnormal on lupus APC, primary human PBMC were cultured for 1 day in the absence of exogenously added stimuli and PD-L1 levels measured using four-color multiparametric flow cytometry. Consistent with prior findings in normal human leucocytes [7] , we observed virtually no PD-L1 protein on CD3 þ cells, but PD-L1 was expressed on a proportion of CD3 À cells from a healthy subject (Fig. 1A) . In contrast, there was near-complete absence of PD-L1 on PBMC from a patient with active SLE. Surprisingly, CD3 À cells from the same patient during lupus remission had regained the ability to express normal levels of PD-L1. This pattern was reproducible using PBMC from multiple individuals (see below).
To characterize the CD3 À cells expressing PD-L1, we assessed levels of several surface markers on normal PBMC and found that the PD-L1 þ cells naturally segregated into CD14-low/negative (CD14 lo ) and CD14-high (CD14 hi ) populations (Fig. 1B) , demonstrating that PD-L1 was primarily expressed by APC of myeloid lineage, consistent with published data [7] . Examination of the CD14 lo and CD14 hi APC subsets for CD11c, CD11b, CD1c, CD45RO and HLA-DR revealed expression patterns consistent with immature mDC and Mo, respectively (Fig. 1C ). Similar to a prior report [34] , we did not observe a significant amount of CD83 on these cells, supporting the idea that the mDC in these cultures were phenotypically immature.
APC from patients with active SLE fail to up-regulate PD-L1
To confirm abnormal PD-L1 levels on lupus APC, PBMC were cultured as above and immature mDC and Mo identified by co-staining for CD14 and CD11c ( Fig. 2A) . As noted, we found that both immature mDC and Mo from children with active SLE failed to up-regulate PD-L1, while APC from children in lupus remission expressed normal or increased levels of this negative costimulator (Fig. 2B) . As the CD14 lo CD11c þ populations in PBMC may have been comprised of a heterogenous mix of differentiating Mo and early mDC, we used the cell surface marker CD1c (BDCA-1) to specifically identify Type I mDC [35] . Gating for CD14 lo CD11c þ CD1c þ cells revealed PD-L1 expression consistent with that of the CD14 lo CD11c þ population as a whole, confirming the utility of this method for measuring PD-L1 levels on immature mDC (Fig. 2C) . These findings were reproducible and statistically significant for immature mDC and Mo from multiple individuals (Fig. 2D-F) . Compared with control APC, mean PD-L1 expression was more than 3-fold lower on immature mDC and Mo from children in SLE flare, but nearly 2-fold higher on Mo during SLE remission (Fig. 2D) . To correct for potential inter-experiment variation, the PD-L1 MFI for each set of APC was normalized to background levels, using the PD-L1 MFI of the CD14 À CD11c À cells as the denominator for each sample. However, mDC and Mo from patients in SLE flare remained significantly PD-L1-deficient as compared with both normal and remission APC (Fig. 2E) . Not only were PD-L1 protein levels lower on SLE flare APC, but there were also lower percentages of cells expressing PD-L1 (Fig. 2F) . Compared with controls, PD-L1 was expressed on nearly 70% fewer SLE flare mDC and nearly 50% fewer Mo. In contrast, the percentages of PD-L1 þ APC in lupus remission samples were not significantly different than in controls, consistent with the idea that this negative costimulator may play a role in inhibiting the autoreactive immune response. In support of this concept, serial samples drawn from four patients at different times revealed an inverse correlation between Mo PD-L1 expression and disease activity, with lower levels during SLE flares and higher levels during remissions (Fig. 2G) .
PD-L1 deficiency in lupus flare APC is persistent over time and is associated with other immune abnormalities
To rule out the possibility that APC from patients with active SLE were merely delayed in up-regulation of PD-L1, we measured expression of this protein over a 5 day culture period. Normal APC expressed little PD-L1 at initiation of culture, but levels rapidly increased over time, with peak PD-L1 expression in both immature mDC and Mo by days 1-2, and return to baseline by day 5 (data not shown). In contrast, immature mDC and Mo from children with active SLE expressed abnormally low levels of PD-L1 throughout the time course, refuting the idea that the low PD-L1 observed in day 1 cultures was merely due to delayed surface expression of this protein. As in short-term cultures, APC from children in SLE remission exhibited normal or elevated levels of PD-L1, suggesting a potential functional association between PD-L1 expression and disease activity.
In contrast to PD-L1, staining of control PBMC for the related negative co-stimulator, PD-L2, revealed a nearly negligible level of protein expression that did not change over 4 days of culture (data not shown). These findings are in agreement with previous work that showed that purified Mo from healthy adult volunteers expressed virtually no PD-L1 or PD-L2 upon initial isolation, and spontaneously up-regulated only PD-L1 after 24 h of culture [8] .
SLE flare APC have increased co-stimulatory potential
To determine whether the defect in lupus flare APC was specific to PD-L1, we measured the level of positive co-stimulatory molecules (a combination of CD80 plus CD86) on PBMC from children with and without SLE. We found that although immature mDC and Mo were clearly PD-L1-deficient during SLE flare, they retained the ability to express CD80/CD86 (Fig. 3) , congruent with prior studies that revealed normal or elevated levels of these proteins on mDC and Mo from patients with SLE [36, 37] . Taken together, these observations suggest that the inability of lupus APC to express PD-L1 cannot be attributed to a global decrease in costimulatory molecule expression during SLE flare, and that loss of the negative PD-L1 signal is not associated with or compensated for by a decrease in positive co-stimulatory signals.
Consistent with a prior report [38] , we also observed that although Mo populations were fairly homogenous with respect to expression of CD80/CD86, immature mDC segregated into CD80/CD86 lo and CD80/CD86 hi -expressing groups, suggesting differing abilities for T-cell stimulation (Fig. 3) . Moreover, in control and SLE remission PBMC, the majority of PD-L1 protein was expressed by CD80/CD86 hi mDC, suggesting that T-cell stimulation by these most potent APC is normally held in check by this negative regulator. Surprisingly, the CD80/CD86 hi subset of mDC was markedly lacking in SLE flare, although the reasons for this are currently unclear.
Discussion
To our knowledge, this is the first report of abnormal PD-L1 expression on APC from patients with active SLE. The finding of decreased PD-L1 protein during active SLE has significant implications for conversion of APC to a pathological state. Although immature mDC and Mo from children with active SLE failed to up-regulate PD-L1, both cell types retained the ability to express several other markers, including CD80/CD86, at the APC surface. As CD80/CD86-mediated T-effector signalling is normally countered by PD-L1 [1, 5] , lupus APC could potentially have an abnormally high capacity for positive T-cell co-stimulation during SLE flare. A hyperstimulatory role for lupus APC is supported by data showing that mDC and Mo from patients with SLE have an increased ability to activate allogeneic T-cells [32, 37, 39] .
Not only do DCs depend upon PD-L1 signalling to diminish T-cell stimulation, but negative co-stimulation by PD-L1 is more effective in immature DCs than in mature DCs [40] , suggesting a mechanism for the immunogenic presentation of autoantigens in SLE. Immature mDC ingest apoptotic bodies and cross-present Ags to cytotoxic T-cells [41] , and lack of PD-1 signalling in vivo results in DC-mediated CD8 þ T-cell priming rather than tolerization [42] . Therefore, our data may provide a partial explanation for the self-reactivity observed in lupus patients, whereby PD-L1-deficient immature mDC present apoptosisrelated antigens in a pro-inflammatory context.
While examining CD80/CD86 expression, we also noted that the CD80/CD86 hi subgroup of mDC was diminished during SLE flare. This is intriguing, as SLE PBMC proliferate poorly in autologous mixed leucocyte reactions (aMLRs) [43] , and it has recently been suggested that CD80/CD86 hi mDC are integral for T-cell proliferation during aMLRs [38] . The reason behind the loss of these cells in active SLE is unclear, however, and may be related to increased apoptosis or to tissue sequestration-it has been reported that patients with active Class III and IV lupus nephritis have significantly fewer circulating mDC along with a concomitant increase of immature mDC in renal tissues [44] . It would be interesting to determine whether these renal mDC retain the ability to express PD-L1.
In addition to potentially stimulating autoreactive T effector cells, PD-L1-deficient APC may promote abnormal function and/ or development of regulatory T lymphocytes (Treg). It has been demonstrated that PD-L1 signalling is necessary for the suppressive activity of classic CD4 þ CD25 þ Treg in an animal model of GVHD [4] , and that anti-CD3-stimulated naı¨ve CD4 þ T cells could be induced to become Tr1-type regulatory cells if co-stimulated with PD-L1-Ig [45] . Although decreased Treg number and function have been reported in human SLE [46, 47] it remains to be determined whether PD-L1 plays any role in Tregrelated deficiencies.
The decreased PD-L1 levels we observed on APC from patients with active SLE were not likely a result of medication effects, as the use of immunosuppressive agents was comparable between flare and remission groups ( Table 1) . Three of the children with active SLE and low PD-L1 had been newly diagnosed and had never received any immunosuppression. Additionally, all four of the subjects who provided serial samples (Fig. 2G) were on minimally varying medication regimens at the time of their blood draws. Similarly, a prior study of SLE patients revealed no correlation between the use of immunosuppressive agents in vivo and changes in cell surface markers on peripheral blood DC, as well as no significant effect of chloroquine, steroids, 6-mercaptopurine or mycophenolate mofetil on markers of Mo differentiation and maturation in vitro [39] .
In the course of these studies, we did attempt to identify the cause of low PD-L1 on SLE APC. We had previously observed that lupus T cells spontaneously secreted high levels of Th2-type cytokines (data not shown), and therefore we examined the effect of recombinant cytokines and soluble anti-cytokine antibodies on APC PD-L1 levels. However, in preliminary studies, none of the agents tested (including IL-2, IL-4, IL-12, IL-17, TNF-, IFN-, anti-IL-4, anti-IL-12 or anti-IFN-) resulted in down-modulation of PD-L1 (data not shown). These cytokines were functionally active, as they could alter the expression of other cell surface markers; however, this occurred without loss of PD-L1.
In addition to cytokine dysregulation, SLE leucocytes undergo apoptosis at an increased rate, and we did note an inverse correlation between PD-L1 expression and PBMC apoptosis ( Table 1) . Following this lead, we have preliminary data demonstrating that in vitro treatment of PBMC with polycaspase inhibitors not only reduced leucocyte apoptosis, but increased the expression of PD-L1 on mDC and Mo in all cultures (data not shown). These findings suggest a role for caspase activity in the normal regulation of PD-L1 and provide a potential explanation for the loss of this negative co-stimulator on APC from patients with active SLE. In support of this idea, it has been reported that caspase-3 is directly responsible for the decreased CD3-chain expression on the surface of SLE T cells [48] .
Our findings complement what is already known regarding PD-L1 expression in human disease; levels of PD-L1 are increased on circulating APC from patients with chronic HIV, hepatitis B or hepatitis C infection [49] [50] [51] , and decreased on DC from patients with multiple sclerosis [34] . As preliminary studies in our laboratory have also indicated abnormally low levels of PD-L1 on APC from patients with some other types of active autoimmune disease (data not shown), we propose that diminished expression of PD-L1 on circulating APC may be a hallmark of active multi-organ autoimmunity, while elevated levels of PD-L1 on circulating APC may be indicative of chronic infection. If verified in larger samples, this distinction may be medically useful, as it is often unclear whether clinical deterioration in SLE patients represents disease flare or infection.
In summary, our findings link active SLE with the inability of peripheral blood APC to express PD-L1, suggesting that PD-L1 may be functionally important in the maintenance of immune tolerance in SLE. Lack of this protein on the surface of immature mDC also suggests a mechanism for the propensity of the immune system to target apoptosis-associated molecules in SLE, as immature mDC typically ingest and present these self-antigens. Given the inverse correlation between PD-L1 and SLE disease activity, future investigations may reveal a role for PD-L1 fusion proteins or other molecules capable of ligating PD-1 in the treatment of SLE or other autoimmune diseases. Larger studies may determine whether intermittent measurements of PD-L1 on circulating APC could provide an additional tool for monitoring the clinical course of SLE.
